Shape memory alloy (SMA) materials possess complete superelasticity or pseudoelasticity above the austenite finish temperature (A f ) and many unique mechanical, thermal, thermal-mechanical and electrical properties compared with other conventional materials. Many studies have reported that the superelastic and hysteresis properties of SMA materials can absorb energies coming from external excitations or sudden impacts. In addition, due to the special electrical properties of NiTi superelastic wires, they can also be used as a strain-sensing element to monitor structural health conditions. In this paper, composite laminated specimens embedded with SMA wire sensors were fabricated and a detailed testing system was designed, for example for multi-parameter measuring for impact and weak signal processing for SMA sensors. A low-velocity impact test shows that SMA wire sensors embedded in fibre-reinforced plastic (FRP) laminate can be used to monitor impact responses, such as the location of impact damage, impact degree, and strain distribution. Experimental results and theoretical predictions reveal almost the same results. Compared with other methods, the research provides a simple, economic and reliable technique for monitoring important engineering structures online.
Introduction
The performance of fibre-reinforced composite materials has shown their superiority over metals in many applications, such as in the aircraft and automobile industries, which require high mechanical performance as well as low weight. The laminated fibre-reinforced composite plates are known to be susceptible to damage resulting from the accidental impact of foreign objects. The behaviour of composites under an impact has been of significant concern in many advanced engineering structures and components. Theoretically, many authors have studied the behavior of laminated composite targets under impact [1, 2] . But the key fibre-reinforced composite structural conditions need to be monitored on line in actual applications. Structural 3 Author to whom any correspondence should be addressed.
health monitoring is an applied technology that has emerged in recent years, dealing with the development of techniques and systems for the continuous monitoring, inspection and damage detection of structures, and its ultimate goal is to increase reliability, improve safety, and reduce maintenance costs. Two complementary approaches are followed to attain these objectives. The first is usage monitoring, or the continuous survey of strains at different critical points of the structure over its whole life. From these data, the occurrence of overloads can be identified and avoided. The second is damage assessment, or the identification of incipient damage in structures. Most conventional damage assessment techniques require the composite structures or components to be taken out of service, employ bulky transducers, require point scanning, and in general are time consuming and expensive [3] . Therefore, the development of viable in situ damage monitoring techniques for composite components involving a network of embedded sensors offers significant benefits to the whole composite application industry. Strain monitoring is a main technology for structural health monitoring for key structures or critical parts and points.
A shape memory alloy (SMA) has a shape effect and pseudoelasticity. Due to many unique intrinsic mechanical, thermal and thermal-mechanical properties of these materials, the potential applications of these materials for sensors and actuators are huge. The actuation property of SMA materials is due to their temperature-dependent shape recovery ability. At a temperature above the austenite finish temperature ( A f ), the SMA actuator maintains its pseudoelastic behavior, in which the actuator can be plastically deformed to a certain limit and then return to its original shape when an external force is removed. The phase transformation process in this region is between stress-induced martensite and austenite phases. The existence of this hysteresis loop explains the important property of the high internal damping of SMA composites [4] . Lau et al [5] studied the feasibility of stitching SMA wires into glass-fibre composite plates to improve their delamination properties. Their experimental results revealed that it is possible to use SMA wires to stitch and reinforce composite structures to reduce damage due to low-velocity impact. In our previous study [6] , it was shown that NiTi superelastic wire possessed complete pseudoelasticity above the temperature A f and the strain-resistance relationship is nearly linear, so it can be used as a strain-sensing element to monitor structural health conditions when it is embedded in a composite. This paper specifically studies strain monitoring of FRP subjected to lowvelocity impact loading. It aims to investigate the feasibility of SMA for sensors and actuators at the same time when it is in pseudoelastic behaviour.
Modeling of impact on a composite plate
The quasi-static energy-balance model is commonly used to interpret the impact behaviour of a composite plate. To minimize complexity in the calculation process, several assumptions are made when analysing the impact behaviour of SMA embedded composite structures. Some of these assumptions are typical for low-velocity impact problems. These assumptions are based on experimental observations and may be listed as follows [7] .
(1) The velocity of impact is low compared to the velocity of wave propagation in the composite plate. (2) The impactor is assumed to be rigid compared to the composite plate. The impactor is therefore treated as a rigid body. (3) The impactor mass is much greater than that of the composite plate with embedded SMA wires, and hence the impact duration will be very long compared to the fundamental period of vibration of the composite plate.
In many cases, local indentation has a significant effect on the contact force history and must be accounted for in the analysis. The contact phenomenon is recognized as being rate independent for most laminate composite materials and statically determined contact laws are used. During the loading phase of the impact, the contact force F is related to the indentation α by [8] 
The contact stiffness K is given by
where the parameters R and E are defined as
where R 1 and R 2 are the radii of curvature of the two bodies. The Young's moduli and Poisson's ratios of the two bodies are E 1 , ν 1 and E 2 , ν 2 , respectively. Subscript 1 denotes properties of the indentor, while subscript 2 identifies properties of the target. One approach for analysing the impact dynamics is to consider the balance of energy in the system. The initial kinetic energy of the projectile is used to deform the structure during impact. Assuming that the structure behaves quasi-statically, when the composite plate reaches its maximum deflection, the velocity of the impactor becomes zero and all the initial kinetic energy has been used to deform the composite plate. Therefore, the energy-balance equation can be written as 1 2
where M and V denote the mass and velocity of the impactor, the subscripts b, s and m refer to the bending, shear and membrane components of the overall structural deformation, and E c is the energy stored in the contact region during indentation.
When the overall deflection of the structure is negligible compared to the local indentation, the problem is reduced to that of an impact on a half-space, and the maximum contact force and the contact duration are given by [8] 
These simple expressions show the effect of the impactor mass and velocity and the contact stiffness on the contact force.
Experiments

Materials and specimens
NiTi wires were selected; the diameter and austenite finish temperature ( A f ) of the wires were 0.3 mm and 10
• C respectively, and each was of length 170 mm. The temperature inside the laboratory was controlled at 25
• C. Therefore, the wires were in full austenitic phase and behaved pseudoelastically throughout all experimental tests. A repeated loading and unloading tensile test of the NiTi wire was conducted and the stress-strain-resistance in the first three loading and unloading cycles at 25
• C is shown in figure 1 . In this figure, the drift of hysteresis loops and the electrical resistance curve is observed in the first three cycles, but little drift is further observed when continuously increasing the repeated cycles. In the starting stage, the NiTi wire undergoes an elastic deformation in the case of austenite, and the electrical resistance increases linearly with an increase in the strain. In the following stage, due to the formation of stress-induced martensite, phase transformation from austenite to martensite occurs, but the electrical resistance also increases almost linearly with the increase in the strain. Because of the fact that drift of the curves exists in the first three loading cycles, six repeated loading and unloading processes were conducted for all NiTi wires before embedding into laminated specimens. Square specimens of 130 mm × 130 mm were fabricated from glass woven fibre and epoxy resin. When a fibrereinforced composite laminate clamped on a square frame is loaded by a concentrated force, the strain distribution of the laminate is complicated. In addition to point loading, every area in the laminate has changes of stress and strain. NiTi pseudoelastic wires with about 1% of pre-strain were embedded into host material in an orthogonal array and at intervals of 12 mm to form a sensing network system, as shown in figure 2 . Four types of laminates were prepared using different stacking sequences: specimen I is [(0, 90) 4 were performed using a drop-weight impact tester, shown schematically in figure 3 . The total mass of the drop weight can be changed, based on the need.
Multiple parameters measured during impact.
The physical phenomena involved in the impact event include the structural response, contact effects and wave propagation [9] . The characteristics of an impact event depend on the impactor mass and velocity, and target properties and conditions. A lowvelocity impact usually implies that the projectile velocity is so low that the damage can be analysed as a structure under a quasi-static loading. The static Hertzian contact law is often used to study the elastic impact problems. For fibre-reinforced composite laminate subjected to a low-velocity impact, the force-indentation law is expressed by equation (1), where F is the contact force and α is the indentation, which is defined as the difference between the displacement of the projectile and that of the back face of the laminate. During each test, the drop weight is released at a height to impact the given position of the specimen. The experimental system records the impact force, deformation, and the times and velocities of the impactor entering and exiting the specimen stored in the computer, as seen in figure 4 . The tester was instrumented with three optical sensors in order to measure the projectile velocity at the time of contact. The displacement at the centre of the impacted laminate is determined using a laser sensor.
Signal conditioning and monitoring system. When a
NiTi superelastic wire is loaded with such as a tensile or bend load to change the strain, its strain-resistance relationship is nearly linear. During impact, if damage or local deformation in the sample is enough to result in delamination or a change in strain, it leads to a change in the electrical resistance of the NiTi pseudoelastic wires embedded in the structure. The electrical resistance of NiTi superelastic wires can be measured by a signal conditioner and amplifier; the principle of a singlechannel circuit is referred to in figure 5 . The overall framework of signal monitoring system is illustrated in figure 6. 
Experimental results and discussion
Contact force response
When the centre of specimen II was impacted with impact energy 5.34 J (the total mass of the drop weight is 2.626 kg, and the velocity entering the specimen 2.01 m s −1 ), the relationship between the contact force and the contact time is reported in figure 7 . Figure 10 shows the response monitoring results of the 16 NiTi wire sensors embedded in specimens III and IV, respectively. The stiffness of specimen III is more than that of specimen IV, so the deflection of specimen III impacted with the same impact condition is smaller than that for specimen IV. Comparing figure 10(a) with figure 10(b), the maximum output of NiTi wire embedded in specimen IV is more than that of NiTi wire embedded in specimen III. 
Strain monitoring in
Strain monitoring in continual impact.
During the test, the drop weight is first released at a height of 250 mm to impact the centre of specimen II with impact energy 5.78 J. Due to the action of the two elastic bodies, when the impactor impacts the target, it springs up to its height, and then impacts the specimen again; please refer to figure 11. The outputs of superelastic wires embedded in laminate were acquired by the signal monitoring system illustrated in figure 6 during this process. Figure 12 presents the strain monitoring results of the first continual three impacts. The results of this figure show that the output signal of each channel's superelastic wire embedded in the laminate corresponds to the impact position, and is in direct proportion to the impact energy. These experimental results reveal the predication of equation (5).
Conclusions
The response monitoring in composite materials subjected to low-velocity impact using embedded shape memory alloy wires was investigated experimentally. Special NiTi wires were prepared, composite material samples were made with layers of glass fibre and epoxy resin stitched by NiTi wires for sensors, and drop-weight impact tests were conducted to study the structural health monitoring of the composite plate. A theoretical analysis based on a quasi-static energy balance equation was considered in the work. The experimental tests show that the strain monitoring from NiTi superelastic wires embedded in laminate can determine the impacted position and energy of the structure. When the structures are loaded with, for example, impact, tensile or buckling forces, the output signals can be measured by parallel data acquisition and processed by a neural network method to diagnose the degrees and locations of damage in structures. So, some embedded NiTi superelastic wires can be applied as sensing elements to monitor the strain of a composite structure. In addition, shape memory alloys have unique characteristics; one of them is superelasticity at high temperature. NiTi superelastic wire can undergo very large reversible strain, and the ultimate strain reaches about 20%. In the circumstance that temperature is higher than A f , NiTi superelastic wire has complete superelasticity. The low-volume fractions of embedded NiTi superelastic wires in composites can significantly increase the impact energy absorbing ability of the composite in impacts. The shape memory alloy wire stitched composite materials can reinforce composite structures to reduce damage from low-velocity impacts [5] . This is one of the applications of shape memory alloy materials as an actuator.
If we stitch some shape memory alloy wires which have appropriate volume fractions and stitching densities to composite materials, it is possible to reinforce composite structures to reduce damage and, at the same time, to monitor the conditions of composite structures using stitched SMA wires. This is very useful in engineering applications such as aerospace and automotive areas.
